Transient receptor potential melastatin 2 (TRPM2) highly expressed in immunocytes is a Ca 2+ -permeable nonselective cation channel activated by oxidative stress. Myocardial ischaemia/reperfusion (I/R) injury is characterized by acute inflammation associated with the augmentation of oxidative stress. We hypothesized that TRPM2 is implicated in the exacerbation of myocardial I/R injury.
selective cation channel activated by oxidative stress. Myocardial ischaemia/reperfusion (I/R) injury is characterized by acute inflammation associated with the augmentation of oxidative stress. We hypothesized that TRPM2 is implicated in the exacerbation of myocardial I/R injury.
Methods and results

Wild-type (Trpm2
+/+ ) and Trpm2 knockout (Trpm2 2/2 ) mice were subjected to ligation of the left main coronary artery followed by reperfusion. Myocardial infarction following I/R, but not ischaemia alone, was reduced more in Trpm2 2/2 mice than in Trpm2 +/+ mice and cardiac contractile functions were also improved in Trpm2 2/2 mice.
TRPM2 was highly expressed in the polymorphonuclear leucocytes (PMNs) rather than in the heart. The number of neutrophils and myeloperoxidase (MPO) activity in the reperfused area following ischaemia was lowered in Trpm2 2/2 mice. When Trpm2 +/+ or Trpm2 2/2 PMNs were administered to the Trpm2 2/2 heart ex vivo through the perfusate or in vivo by iv injection, Trpm2 +/+ PMNs produced enlargement of the infarct size. Following in vitro regional I/R, a pharmacological inhibitor of TRPM2 reduced the infarct size. 
Conclusion
These findings indicate that neutrophil TRPM2 is implicated in the exacerbation of myocardial reperfusion injury. Accumulation of neutrophils in the reperfused area mediated by TRPM2 activation is likely to play a crucial role in myocardial I/R injury.
Introduction
Reperfusion of the ischaemic myocardium is essential for rescuing tissues; however, reperfusion itself causes additional myocardial injury, a phenomenon termed 'reperfusion injury.' Although the pathogenesis of ischaemia-reperfusion (I/R) injury is complex, various mechanisms have been proposed. 1, 2 Oxidative stress-induced acute inflammatory response is implicated in the development of I/R injury. 3 -5 In particular, the accumulated neutrophils in the heart play a central role in the early phase of I/R injury. 5, 6 I/R of the heart also causes myocardial Ca 2+ overload, leading to contractile dysfunction and cell death. 7, 8 Thus, oxidative stress, neutrophils, and Ca
2+
homoeostasis are key factors that modulate myocardial I/R injury. Transient receptor potential melastatin 2 (TRPM2) expressed in immunocytes and the heart is a Ca 2+ -permeable non-selective cation channel belonging to the melastatin-related TRP channels. 9 -12 Activation of TRPM2 is primarily triggered by ADP-ribose (ADPR). 10, 13 It has also been proposed that ADPR-related compounds, such as cyclic ADPR and nicotinic acid adenine dinucleotide phosphate, activate TRPM2 channels. 14, 15 Moreover, TRPM2 can also be activated by oxidative stress including H 2 O 2 . 16, 17 Although the exact molecules for H 2 O 2 -induced TRPM2 activation remain to be identified, ADPR seems to act as a mediator.
Regarding the physiological role of TRPM2, we first found that H 2 O 2 -induced Ca 2+ influx through TRPM2 elicits cell death in TRPM2-expressing HEK 293 cells and human monocytic cell line U937 cells. 16 Several reports have shown that TRPM2 plays a central role in the link between oxidative stress and cell death. 18, 19 Moreover, we recently discovered that treatment of monocytes with a sublethal concentration of H 2 O 2 triggers the production of inflammatory cytokines through TRPM2-mediated Ca 2+ entry. 11 Wehrhahn et al. 20 described TRPM2-mediated Ca 2+ entry as the central mechanism of lipopolysaccharide-induced cytokine production in monocytic cells; thus, Ca 2+ entry through TRPM2 seems to have a diverse function, that is, induction of cell death and functional activation of cells. It has been suggested that increased intracellular Ca 2+ concentration through TRPM2 stimulates neutrophil chemotaxis. 21 Yang et al. 22 reported that TRPM2 activation is involved in oxidative stress-induced myocardial cell death in neonatal rat ventricular myocytes. However, the role of TRPM2 in myocardial I/R injury remains unknown.
The above-mentioned evidences led us to hypothesize that the activation of TRPM2 is implicated in the development of myocardial I/R injury. In the present study, the involvement of TRPM2 in myocardial I/R injury was examined using Trpm2 knockout (Trpm2 2/2 ) mice. We found that myocardial I/R injury is reduced in Trpm2 2/2 mice, indicating that the activation of TRPM2 is implicated in the development of I/R injury. Activation of neutrophil TRPM2 channels during I/R seems to have a potential role in their functions, especially the accumulation of neutrophils in the heart, leading to myocardial infarction. 
Methods
Animals
Anaesthesia
Mice were anaesthetized with sodium pentobarbital (60 mg/kg, i.p.) throughout the experiments, and its adequacy was monitored from the disappearance of the pedal withdrawal reflex. Left ventricular (LV) function was measured under anaesthesia with sodium pentobarbital (50 mg/kg, ip).
Production of ischaemia and reperfusion in mice
Mice were artificially ventilated using a ventilator at a frequency of 120 strokes/min and a tidal volume of 10 mL/kg. During the experiment, body temperature was maintained at 37.58C using a hot plate. Under aseptic conditions, a left thoracotomy was performed at the fifth to sixth rib and the heart was exposed to pass a silk thread around the origin of the LCA. Both ends of the silk thread were passed through a polyethylene tube and the heart was placed back in the thorax. The LCA was occluded by pressing a polyethylene tube against the heart.
After 45 min of ischaemia, the polyethylene tube was removed and a 2-or a 24-h reperfusion was performed. In the 2-h reperfusion model, reperfusion was performed under anaesthesia. In the 24-h reperfusion model, the chest was closed and the animals were allowed to recover from anaesthesia. Benzylpenicillin (30 000 U/mL/kg) was injected im as prophylaxis against infection.
Determination of myocardial infarct size
The infarct size was measured by triphenyltetrazolium chloride (TTC) staining. 23, 24 At 2 or 24 h after reperfusion, the LCA was re-occluded by pressing the polyethylene tube against the heart at the same site for ischaemia and 1 mL of 2% Evans blue solution was administered into the vena cava. The heart was then removed and the LV muscle immediately below the polyethylene tube was cut into three to four myocardial slices with a thickness of 1 mm. All the slices were stained in a 1% TTC solution for 10 min at 378C. Each slice was then photographed. The area stained blue by Evans blue (normal myocardium), the area stained red by TTC (ischaemic myocardium), and the area unstained by TTC (necrotic myocardium) were measured using an NIH image. The area at risk (risk area/ventricular area) and the infarct size (infarct area/risk area) were calculated as described by Linz et al. 24 
Determination of left ventricular function
A microtip catheter transducer (Millar Instruments, Houston, TX, USA) was inserted into the LV from the cardiac apex lumen. The LV function was digitally recorded for subsequent analysis using the PowerLab software (AD Instruments Pty Ltd, Australia).
Immunohistochemistry
Sections in the ischaemic area were stained immunohistochemically with the rabbit anti-human myeloperoxidase (MPO) antibody (Dako Japan Co., Tokyo, Japan; for detailed methods, see Supplementary material online).
Determination of plasma troponin I
At 45 min after reperfusion, plasma was obtained by centrifugation of blood at 700 g at 48C for 10 min. The obtained plasma was assayed to determine the levels of troponin I using an ELISA kit (Life Diagnositics, Inc., West Chester, PA, USA).
MPO activity assay
MPO activity in the heart was measured as described previously. 11 Hearts were removed and then homogenized in 50 mM potassium phosphate buffer (50 mg tissue/500 mL) containing 0.5% hexadecyltrimethylammonium bromide (Sigma). Supernatants were collected after centrifugation at 15 000 rpm for 15 min. An aliquot (50 mL) was added to a 96-well plate and mixed with 250 mL freshly prepared assay solution [50 mM potassium phosphate buffer (pH 6.0) containing 0.167 mg/mL o-dianisidine dihydrochloride and 0.0005% hydrogen peroxide]. Enzymatic activity was determined spectrophotometrically by measuring the change in absorbance at 460 nm using a plate reader.
Preparation of polymorphonuclear leucocytes
Polymorphonuclear leucocytes (PMNs) were prepared from bone marrow or abdominal cavity. Bone marrow PMNs were isolated from femurs and tibias by Percoll density gradient centrifugation as described previously. 11 The purity of PMNs was confirmed as Gr-1 positive cells by flow cytometry (.91%). The obtained PMNs were used throughout the experiments, except in the isolated heart experiment. PMNs from the abdominal cavity were prepared according to a previous report with minor modifications. 25 Briefly, each mouse was injected ip with the abdominal cavity were collected. The purity of PMNs was confirmed using Giemsa staining (.85%).
Ex vivo model of PMN infusion to isolated hearts
Mice were heparinized (1000 U/kg, i.p.), anaesthetized, and artificially ventilated using a ventilator at a frequency of 12 strokes/min and a tidal volume of 10 mL/kg. The hearts were exposed to pass a silk thread around the origin of the LCA, excised, immediately mounted on a Langendorff apparatus, and retrogradely perfused in Krebs -Henseleit buffer (in mM: 118 NaCl, 5. isolated from Trpm2 +/+ or Trpm2 2/2 animals was slowly injected into the respective heart through a three-way stopcock and then the LCA was ligated with a 27-gauge needle. Sixty minutes after ischaemia, the needle was removed and reperfusion was performed for 2 h. When PMNs were injected after ischaemia, the hearts were slowly infused with PMNs (7 × 10 6 cells/1 mL) at the start of reperfusion. The heart was then re-ligated with the needle and 500 L of 1% Evans blue solution was injected. The heart was removed from the perfusion apparatus to determine the infarct size using the same method as shown in our in vivo study. 
Measurement of changes in intracellular
PMN adhesion assay
PMNs labelled with Celltracker Green CMFDA (Invitrogen, Tokyo, Japan) were added to bovine coronary endothelial cells (BCECs) cultured in a 96-well plate. After a 30 min incubation, the non-adherent cells were washed and the adherent cells were quantified using a HS ALL-in-one Fluorescence Microscope with a BZ-II Analyzer (Keyence Co., Tokyo, Japan; for detailed methods, see Supplementary material online).
Flow cytometry
PMNs were incubated with stimulators for 5 min and then washed by centrifugation. The following antibodies were used for flow cytometry: PE-Cy5.5-conjugated mouse GR1-antibody (Beckman Coulter, Inc., Brea, CA, USA), FITC-conjugated mouse MAC-1-antibody (BioLegend Japan, Tokyo, Japan), and FITC-conjugated mouse LFA-1-antibody (BioLegend Japan) (see Supplementary material online for detailed methods).
Quantitative RT-PCR
Total RNA was obtained using TRIzolw (Invitrogen, Tokyo, Japan). The total RNA (2 g) was converted into cDNA using the Applied Biosystems High Capacity cDNA Reverse Transcription Kit (Life Technologies Co, Carlsbad, CA, USA). mRNA expression of TRPM2 (NM_138301.2) and b-actin (NM_007393.3) were determined by real-time PCR using Applied Biosystems TaqMan Fast Universal Master Mix and gene-specific TaqMan primer probe sets (TRPM2: Mm01177249_g1, b-actin: 4352933E). Real-time PCR was performed using an Applied Biosystems STEP ONE thermal cycler.
Statistics
All values are expressed as mean + SEM. The data were analysed using unpaired Student's t-test or one-way analysis of variance followed by Bonferroni/Dunn multiple comparison tests. The level of statistical significance was set at P , 0.05.
Results
Reduction of infarct size in Trpm2
2/2 mice Trpm2 +/+ and Trpm2 2/2 mice were subjected to 45 min of ischaemia followed by 24 h of reperfusion. Figure 1A shows typical photographs of the myocardium after TTC staining. Blue, red, and white areas depict non-ischaemic, at-risk, and necrotic areas, respectively. Quantitative analysis showed that the area at risk (risk area/LV) in the Trpm2 +/+ and the Trpm2 2/2 groups was 69 + 3 and 68 + 2%, respectively. The infarct size (infarct area/risk area) in the Trpm2 2/2 group (21 + 3%) was significantly smaller than that in the Trpm2
group (44 + 4%). In addition to TTC staining, we determined plasma troponin I as a marker of myocardial cell death 2 h after reperfusion. Plasma levels of troponin I were markedly increased by I/R in the Trpm2 +/+ mice and the increases were significantly decreased in
To further elucidate whether TRPM2 is involved in myocardial injury during ischaemia and/or reperfusion, Trpm2 +/+ and Trpm2
2/2
mice were subjected to 45 min or 2 or 24 h of ischaemia without reperfusion. No significant differences were observed between groups with regard to the area at risk. The infarct size in the Trpm2 +/+ and the Trpm2 2/2 mouse groups expanded in proportion to the length of the ischaemic period and there were no significant differences between groups at any time points of ischaemia ( Figure 1C ).
Left ventricular function
In sham-operated groups of Trpm2 +/+ and Trpm2 2/2 mice, heart rates in the Trpm2 2/2 group (436 + 5 b.p.m.) were slightly lower than in the Trpm2 +/+ group (473 + 14 b.p.m.), whereas there were no significant differences in maximal left ventricular pressure (Max LVP), minimal LVP (Min LVP), left ventricular end-diastolic pressure (LVEDP), +dP/dt, and 2dP/dt between the genotypes. In the Trpm2 +/+ mice, Max LVP, heart rate, +dP/dt, and 2dP/dt were significantly decreased by I/R, whereas no differences were observed in Min LVP and LVEDP. In Trpm2 2/2 mice, although Max LVP was slightly decreased by I/R, the other parameters showed no significant differences between the sham-operated and I/R groups. In I/R groups of Trpm2 +/+ and Trpm2 2/2 mice, Max LVP, +dP/dt, and 2dP/dt in the Trpm2 2/2 group were significantly higher than in the Trpm2 +/+ group ( Table 1) . These results suggest that TRPM2 deficiency during myocardial I/R improves cardiac contractile function.
Trpm2 2/2 mice reduce neutrophil accumulation in reperfused myocardium
Neutrophil accumulation within the area at risk was measured 24 h after reperfusion by immunohistochemistry with anti-MPO antibody.
Immunoreactive cells with brown staining in the Trpm2
+/+ mice were more frequent than in the Trpm2 2/2 mice (Figure 2A) . The
Cardiac reperfusion injury and TRPM2 channels Figure 1 Reduction of reperfusion injury in Trpm2 Figure 2C ). This result was consistent with the number of neutrophils by immunostaining.
TRPM2 is highly expressed in PMNs
As shown in Figure 2D , TRPM2 mRNA was expressed in the heart, and its level was almost comparable with that in the aorta. TRPM2 mRNA is abundantly expressed in the PMNs and brain, and the level in the PMNs was 36-fold higher than in the heart. On the other hand, TRPM2 mRNA levels in all determined tissues and cells were marginally lower in Trpm2 2/2 mice. Cardiac reperfusion injury and TRPM2 channels
Neutrophil TRPM2 has a major role in reperfusion injury
To clarify whether neutrophil and/or myocardial TRPM2 channels are implicated in reperfusion injury, the hearts isolated from Trpm2 +/+ or Trpm2 2/2 mice were perfused with each genotype of PMNs ( Figure 3A) . The infarct size in the Trpm2 +/+ and the Trpm2
hearts in the absence of PMNs was 4.7 + 2.4 and 3.7 + 1.2%, respectively ( Figure 3A, right) . When the Trpm2 +/+ PMNs were infused into the isolated Trpm2 +/+ hearts, the infarct size enlarged to 43.7 + 4.5%. Thus, the important role of neutrophil TRPM2 was also confirmed in the development of myocardial infarction following I/R in an in vivo model. To further examine whether the I/R injury depends on neutrophil TRPM2 activation during either ischaemia or reperfusion, each genotype of PMNs was administered to the Trpm2 2/2 mice after ischaemia and the infarct size was measured ( Figure 3C ). mice, suggesting that the activation of neutrophil TRPM2 during reperfusion has an important role in developing myocardial infarction.
In the experimental models in Figure 3A -C (left), there are no differences in the area at risk among the groups.
Attenuation of reperfusion injury by pharmacological inhibitor of TRPM2
An antifungal drug, econazole, was shown to inhibit ADPR-induced activation of TRPM2. 26 To confirm the inhibitory effect of econazole We tested the Ca 2+ response of PMNs by H 2 O 2 . As illustrated in Figure 5A and Figure 5C-F) . However, the Ca 2+ response to a combination of H 2 O 2 with LTB 4 was augmented Cardiac reperfusion injury and TRPM2 channels compared with that of LTB 4 alone in Trpm2 +/+ PMNs and its response to the combination was suppressed in Trpm2 2/2 PMNs ( Figure 5G and H ). These results indicate that neutrophil TRPM2 is further activated by a combination of H 2 O 2 and LTB 4 . Figure 6B ). 
Neutrophil TRPM2 plays an important role in neutrophil adhesion but not in migration
Expression of adhesion molecules
We further investigated whether a combination of H 2 O 2 and LTB 4 up-regulates adhesion molecules in PMNs, such as CD11b/CD18 (MAC-1) and CD11a/CD18 (LFA-1). In the groups of Trpm2 
Discussion
We demonstrated for the first time that TRPM2 deficiency reduced the infarct size, improved cardiac contractile functions, and suppressed the number of neutrophils in the reperfused area following I/R. These results suggest that TRPM2 is associated with the exacerbation of 'reperfusion injury.' It can be surmised that activated TRPM2-mediated neutrophil accumulation in the reperfused area plays a crucial role in myocardial I/R injury. The infarct size in the Trpm2 +/+ mice with a 45-minute ischaemia alone ( Figure 1C ) was dramatically enlarged by subsequent 2-( Figure 3B ) and 24-hour ( Figure 1A ) reperfusion. A recent study also showed that myocardial apoptosis was only 2% in 90-min ischaemia alone, but subsequent 2.5-h reperfusion enlarged its area to 20%. 30 Our results are thus consistent with previous observations. The most important findings were that the mice. We demonstrated herein that the activation of TRPM2 is attributable to 'reperfusion injury,' but not ischaemic injury. Neutrophil accumulation in the myocardium, which is a key event showing myocardial inflammation in the early stage of myocardial I/ R injury, 5, 6 was reduced in the Trpm2 2/2 mice. TRPM2 mRNA is detected in both neutrophils and heart. 10 -12 The infusion of that TRPM2 expressed in the heart partly contributed to myocardial infarction. Because the level of TRPM2 mRNA in the heart was 36-fold lower than that of the PMNs, the involvement of myocardial TRPM2 in the enlargement of infarct size seems to be relatively low. In addition, the fact that the infarct size in isolated Trpm2 +/+ hearts without PMNs was much smaller than that in the Trpm2 +/+ mice also supported the importance of PMNs in myocardial I/R injury. Omiyi et al. 32 also showed that cardiac injury in an isolated heart without PMNs was marginal, whereas it was markedly exaggerated with PMNs. However, TRPM2-independent mechanisms also seem to slightly occur because the addition of Trpm2 2/2 PMNs weakly enhanced the infarct size. Taken together, these results indicate that PMN TRPM2, but not myocardial TRPM2, may be primarily involved in myocardial I/R injury. Our finding is the first evidence showing a key role of neutrophil TRPM2 in an acute inflammatory disease in an in vivo model. Neutrophils accumulate gradually during ischaemia, in particular at the peripheral edges of the infarcted area, and neutrophils steeply accumulate in the infarcted area after reperfusion of the ischaemic myocardium (see review by Baxter 33 ). We have demonstrated that the infarct size was not significantly different when PMNs were injected before ( Figure 3B ) and after ischaemia ( Figure 3C ). of PMNs, such as adhesion and migration. 39 We found herein that Ca 2+ influx through PMN TRPM2 is involved in the adhesion to endothelial cells. Adhesion is dependent on the amount of adhesion molecules expressed in both neutrophils and endothelium. However, activation of TRPM2 highly expressed in PMNs is not likely to be implicated in the amount of MAC-1 and LFA-1, which are critical adhesion molecules. 5 Another possibility is that Ca 2+ influx through PMN TRPM2 activates adhesion-related factors, such as Pyk2, focal adhesion kinase, and paxillin, all of which cause firm adhesion. 40 These factors are activated by tyrosine phosphorylation, among which Pyk2 is activated in response to various stimuli that elevate [Ca 2+ ] i . 41 Further study is required to examine the mechanism of the stimulation of PMN adhesion to the endothelial cells. On the contrary, LTB4-induced PMN migration was not stimulated by the co-treatment with H 2 O 2 . Partida-Sanchez et al. 21 showed that neutrophil migration was stimulated by Ca 2+ influx through ADPR-gated channel, probably TRPM2, with fMLP stimulation. Thus, other stimulators rather than the combination of H 2 O 2 with LTB 4 may be responsible for neutrophil TRPM2 activation during reperfusion. Further investigations, however, are needed. We indicated herein that Trpm2 2/2 mice suppressed myocardial I/R injury. Activation of neutrophil TRPM2 may play a crucial role in myocardial I/R injury through the accumulation of neutrophils in the heart with the area at risk. We found that the combination of a relatively low concentration of H 2 O 2 and LTB 4 , which activates neutrophil TRPM2, resulted in adhesion of neutrophils to coronary endothelial cells, leading to the accumulation of neutrophils in the heart. However, the molecular basis of the underlying mechanisms remains to be elucidated in the present study. Despite many reports showing the role of neutrophils in myocardial I/R injury, the clinical approach has reported a positive benefit that is attributable to the inhibition of neutrophil recruitment. 33 Mice may not necessarily reflect human myocardial I/R injury, because of different heart size, oxygen consumption, heart rate, gene expression, and so on. Therefore, extrapolation of mouse data to human condition must be made with caution. However, the analysis of the mouse model, along with the molecular biological technique, may give us important information for progress in understanding human myocardial I/R injury.
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